procedure, there are similar survival results (p < 0.067). In contrast, ReTx within 90 days was associated with a survival disadvantage that persisted despite matching (p [ 0.011). In ReTx populations, factors conferring worse outcomes include intensive care unit admission, unilateral transplantation, poor functional status, and primary graft dysfunction as the indication for retransplantation (p < 0.05).
Conclusions. Late lung retransplantation appears to be as beneficial as primary transplantation in propensitymatched patients. However, survival is severely diminished in those retransplanted less than 90 days after primary transplantation. The utility of early retransplantation needs to be carefully weighed in light of risks.
(Ann Thorac Surg 2014;98:1914-21) Ó 2014 by The Society of Thoracic Surgeons T he incidence of repeat lung transplantation in the United States has increased over the last several years [1, 2] (Fig 1) . This increase can be attributed to 2 factors that have greatly impacted the field of lung transplantation. First is the introduction of the lung allocation score (LAS) in May 2005 that prioritizes patients based on survival benefit and medical urgency [3] . The other driver is improvement in the practice of lung transplantation with accompanying increases in recipient survival. However, few studies have explored survival in recipients of lung retransplantation [1, 2, [4] [5] [6] [7] [8] [9] . One of these, by Shuhaiber and colleagues [6] in the pre-LAS era, concluded that adjusting for confounders, purported differences in survival between repeat and primary lung transplantation, are nonsignificant.
The purpose of the current study was to review the national experience with lung retransplantation since LAS implementation. We evaluate survival for primary and repeat recipients with and without risk matching. We also analyze the importance of the duration between initial and repeat transplantation, hypothesizing that early retransplantation carries a greater mortality risk than late retransplantation. Lastly, we explore donor, recipient, and transplant factors in order to identify characteristics that promote longevity in lung retransplantation.
Material and Methods

Study Population
The study protocol was approved by the Duke University Institutional Review Board; individual consent was not needed. The United Network for Organ Sharing national database was queried for adult transplantations recorded from May 2005 (after LAS implementation) to December 2011 [10] . Patients were excluded if they underwent multiorgan transplantation or were younger than 18 years of age. Analysis was limited to variables that were at least 80% populated, with most having available data for greater than 95% of patients.
Patients were categorized as primary (LTx) or repeat (ReTx) lung recipients. Additional cohorts were created for ReTx recipients receiving retransplantation greater (late-ReTx) or less than (early-ReTx) 90 days after initial lung transplantation [we defined early and late groups based on existing studies suggesting worse outcomes after retransplantation performed within 90 days [1, 11] . The primary study outcome was survival.
Propensity Matching
The ReTx recipients were matched 1:1 with LTx recipients based on the propensity score method as outlined by Austin [12] , Rosenbaum and Rubin [13, 14] , and D'Agostino and Rubin [15] , and applied in lung transplantation by Shuhaiber and colleagues [6] and Castleberry and colleagues [16] . This method controls for differences in patient, donor, and transplant characteristics between cohorts. In this study, the propensity score itself estimates the probability of undergoing retransplantation. The score was calculated using a logistic regression model with covariate selection based on backward elimination. Variables included in the baseline model are noted in Table 1 .
As previously established for dealing with missing data in propensity score analyses [6, 15, 16] , an additional level was created for each categoric variable to indicate missing data. For continuous variables a value of 0 was imputed in empty fields, with creation of a new, binary variable indicating whether data were missing. Balance between matched cohorts was assessed using standardized differences with values below 0.2 indicating negligible differences in characteristics [17, 18] .
Primary Analyses
Survival in matched and unmatched groups was compared using Kaplan-Meier, log-rank, and Cox regression methods. For matched samples, comparisons were performed using stratified analyses based on quartiles of the propensity score [19] .
Risk matching and survival comparisons were repeated for retransplantations performed less than (early ReTx) or greater than 90 days (late ReTx) after the initial procedure. Further analyses compared ReTx recipients stratified into 3 groups based on time between initial and repeat transplantation: (1) < 90 days; (2) between 90 days and 2 years; and (3) greater than 2 years. Finally, we compared survival after lung retransplantation pre-LAS versus post-LAS implementation.
Secondary Analyses
Multivariable Cox regression models outlined predictors of survival after lung retransplantation. Models started out with the same variables from the propensity score analysis with final variable inclusion based on backward selection.
A final multivariable model identified predictors of survival in the overall cohort of lung recipients. This model included a 3-level variable designating patients as LTx, early ReTx, or late ReTx.
Results
Patient Characteristics
A total of 9,726 patients met study criteria, including 456 ReTx (4.7%) and 9,270 LTx (95.3%) patients ( 
Primary Analysis
Unadjusted analysis comparing unmatched cohorts identified increased mortality for ReTx recipients compared with LTx recipients (p < 0.001; HR ¼ 1.69, 95% CI 1.47 to 1.95; Fig 2A) . Conversely, analysis in the 1:1 matched sample demonstrated no significant Fig 3B) . Comparison after stratification into 3 groups for time between transplants demonstrated superior survival for patients receiving retransplant greater than 2 years after the first procedure (Fig 4) 
Comment
Repeat lung transplantation has become more common in recent years, making up increasingly larger proportions of the national experience with lung transplantation. In this study we report a survival disadvantage for repeat versus primary lung transplantation in the LAS era that is diminished after propensity-score matching to control for confounders. In other words, retransplantation may be as beneficial as primary lung transplantation in risk-matched patients. We show, however, that this post-matching equivalence in survival is not applicable across the entire population of retransplant recipients. Patients receiving organs shortly after primary transplantation are at increased risk for mortality, even after risk adjustment. Additionally, we identified other predictors of mortality in repeat transplantation, including ICU admission, infection requiring intravenous antibiotics, procedure type, indication for surgery, and functional status. Altogether, these findings provide guidance for the selection of patients for repeat lung transplantation.
Study findings of comparable survival in risk-matched cohorts of repeat and primary lung recipients are consistent with existing literature. In an analysis of pre-LAS transplantations, Shuhaiber and colleagues [6] demonstrated that controlling for confounders, survival differences between primary and repeat transplant recipients are insignificant. Authors also observed that functional status and serum creatinine were predictors of survival in retransplantation. Other studies have identified predictors of mortality in lung retransplantation. Kilic and colleagues [5] demonstrated that mortality is highest in recipients with total functional need based on the Karnofsky scale. Aigner and colleagues [9] reported that the indication for retransplantation (PGD/ bronchiolitis obliterans syndrome [BOS]) dictates patterns of survival. Others report increased mortality for early lung retransplantation, with the definition of "early" ranging from 90 days to 2 years, in various analyses [11, 20, 21] .
In the current study, providing the first evaluation of survival in patients receiving retransplantation in the LAS era, our data confirm that patients receiving lung retransplantation continue to experience reasonable survival compared with risk-matched first-time recipients. Given LAS era increases in the rate of lung retransplantation, this work provides an important update on the topic. Additionally, our work represents the first, riskmatched evaluation of survival in lung retransplantation based on the duration of time elapsed after the initial procedure. Our finding of a persistent survival disadvantage with early retransplantation despite matching provides confirmation of previously raised anecdotal concerns in the field about the viability of retransplantation performed shortly after the initial procedure. Results highlight the importance of careful recipient evaluation for prospects for long-term survival before proceeding with early retransplantation. At our center, retransplantation is considered on an individual case basis. Programmatically, we avoid redo lung transplantation in the elderly (over 60 to 65 years). Also, due to our center's experience, as well as findings from this current analysis, we avoid early retransplantation unless the patient demonstrates adequate function of other organs and the ability to perform active rehabilitation posttransplant.
Consistent with previous studies, preoperative functional status (hospitalization, ICU admission, or independence for ADLs) and indication for retransplantation (PGD/BOS) were identified as predictors of survival after lung retransplantation [5, 6, 20] . The finding of differential survival by indication for retransplantation is reinforced by our analysis with stratification into 3 groups by time between initial and repeat transplantation. These groups likely represent diagnosis categories for PGD (time < 90 days), early BOS (90 days < time < 2 years), and late BOS (time > 2 years). With such differing survival profiles, outcomes in these groups are likely determined based on varying predictive factors, an area of exploration for future work. It is important to note that in clinical practice, the specific indication for retransplantation is often unclear, justifying risk stratification based on time since initial transplantation, in addition to suspected reason for graft failure.
In contrast to previous studies, serum creatinine was not found to be a predictor of survival in retransplantation [2, 6] . It was, however, a predictor of survival in the entire cohort of lung recipients. One potential explanation for this is the exposure of retransplant recipients to calcineurin inhibitors after their initial operation. Having already suffered some degree of renal deterioration, the impact of these medications on creatinine may have already been accounted for prior to retransplantation. Therefore, the predictive capabilities of creatinine on survival in retransplant recipients will likely be blunted or nonexistent. Notwithstanding, the effect of creatinine on survival after lung retransplantation remains an area of priority for future investigations.
Implications of our findings to lung transplantation policy and practice are manifold. Results from the primary analysis confirm that lung retransplantation is a viable therapy for end-stage lung disease, conferring a comparable survival benefit to primary transplantation in appropriately selected patients. Temporal comparisons demonstrate improved survival after lung retransplantation since LAS implementation. This undoubtedly reflects improvements in the practice of lung transplantation, but it likely also reflects optimized candidate selection with the use of the lung allocation score. An important observation from our study, based on imbalance in patient characteristics, is that the average candidate for retransplantation is in worse medical condition than the average candidate for primary lung transplantation. However, we do not believe that this observation detracts from our findings. On the contrary, we believe that it strengthens the assertion that careful preparation is necessary prior to retransplantation in high-risk candidates.
Results from our secondary analysis provide further guidance for the practice of lung retransplantation. Analyses suggest that bilateral procedures should be performed, where possible, and that adequate attempts be made to completely treat systemic infections before surgery. Likewise, retransplantation from an ICU setting or in patients with exceptionally poor functional status carries excessive risk and should be avoided where possible.
Any analysis of lung retransplantation is incomplete without some consideration of the ethics of allocating a second lung to one individual, while others wait for the first one. Many studies have attempted to tackle this dilemma which measures the needs of the individual patient against the prospects of maximizing the distribution of available lungs [1, 6, [22] [23] [24] . While there is no consensus on the most ethically appropriate allocation algorithm for retransplantation, much work has gone into mitigating the problem by increasing organ availability and clarifying the characteristics of the ideal retransplant candidate. Our work falls in this latter category as we contribute to outlining the factors that improve outcomes in lung retransplantation. Based on our results the ideal candidate for retransplantation is at least 90 days out from the initial procedure and has enjoyed some postoperative functional recovery (ideally out of the ICU or hospital with some ability to perform ADLs).
An important limitation of our study is that we only consider patients who ultimately received organs. Transplant candidates who did not make it to listing provide a wealth of information that could contribute to our understanding of practice patterns in the field. Our inability to access this information limits the potential of our analyses. A second limitation exists in the retrospective design of our study which comes with the challenges associated with non-prospective, nonrandomized analyses. Our statistical analysis with propensity-score matching and adjustment for potential confounders begins to address this limitation, albeit imperfectly given the possible existence of meaningful confounders that are not available to us. A final limitation is related to our use of the propensity score method which results in lower sample size. Time-based differences were robust despite identical modeling applied to both early and late retransplant cohorts, providing some validation of study findings.
In conclusion, when performed in appropriately selected patients, lung retransplantation in the LAS era continues to provide survival benefit that is comparable with that derived from primary lung transplantation. Candidates for retransplantation earlier than 90 days after initial lung transplantation are at increased risk for adverse outcomes, even after controlling for other confounders. These patients require special evaluation before undergoing the retransplant operation. Several other factors contribute to determining outcomes in retransplantation including functional status, transplant type, serious infection, and indication for retransplantation. Appropriate candidate selection for retransplantation can be achieved by optimizing these factors while balancing the need for retransplantation as a therapy for recurrent end-stage lung disease against the desire to distribute scarce lungs as "justly" as possible. The title of the abstract is Differential Survival for Early and Late Lung Retransplantation Since Implementation of the Lung Allocation Score.
We do a number of transplants a year, and it is very rare to do a transplant within three months. I would say that if I do a transplant within three months, most of the time it is due to primary graph dysfunction.
We are really interested in knowing what happened a year or two after those transplants in high risk. So I would have named the paper, A Retransplantation for Primary Graph Dysfunction probably, and then do the analysis.
First of all, I was surprised to see no difference in terms of mechanical ventilation within the two groups.
One of the things that we have learned lately, and we just reviewed the data, is that patients that go to retransplant on mechanical ventilation do very poorly.
So the first question, is the number of patients on mechanical ventilation, and I am surprised at the lower rate of patients on mechanical ventilation, is would you consider to change the title to "Primary Graph Dysfunction"? I want to understand better why they were transplanted so early. For me, that is primary graph dysfunction until proven otherwise.
DR OSHO: I think that is an excellent point. We started looking at the retransplantation group as a whole group, and noticed that there are really two very different populations in the early and the late.
I may have just rushed over this slide, and that is why the difference was not noticed, but right there, there is a difference. The patients in the retransplantation group generally are on the ventilator longer. I have not reported the breakdown of the data for early versus late retransplantation but we do have a higher incidence ventilator requirement for early retransplantation.
DR BERMUDEZ: You are comparing the primary, but you do not do the breakdown.
DR OSHO: I have not reported those numbers here, but there is a difference in ventilator use for early versus late retransplantation. The early repeat patients are more often on ventilators than the late ones.
DR BERMUDEZ: And I think that you have your answer why the mortality is so high in the early, because they are sicker patients.
DR OSHO: Yes. And that ultimately came out of the model as a significant predictor. There is a significant degree of colinearity between ICU [intensive care unit] admission and ventilator use, which is why we show ICU admission here. But if you take ICU admission out of the model, ventilator use comes out as a significant predictor.
So we picked one to put up here, but you are absolutely right, that ventilator status does predict outcomes.
DR BERMUDEZ: Thank you very much. Congratulations. DR YOSHIYA TOYODA (Philadelphia, PA): I am sure many surgeons have experiences, but I had a patient, we did a singlelung transplant for IPF, primary graft failure, we put her on ECMO [extracorporeal membrane oxygenation] and then we did a double-lung transplant about four weeks later. She is surviving more than six years now.
So I think at the time of redo, if the patient has renal failure or other organ dysfunction, maybe that is more important, rather than just the time. That is my impression.
And another question is, did you differentiate contralateral single lung or the ipsilateral single lung, or the double in the redo group? Did you differentiate?
DR OSHO: What we did do is create a variable that identified four different categories based on what lung patients received for the first or for the second procedure, and included that in the model. That four-level variable was not a significant predictor of outcomes.
DR SUDISH MURTHY (Cleveland, OH): There are some ethical issues that I am sure some people are thinking about, and one thing that jumps to mind is are we making the same mistake twice?
If you look at who is retransplanted, you probably find the sickest patients in the primary group that undoubtedly did poorly. So now those people who remain in the primary group are bypassed again to allow for a second transplant in a population of patients who will have worse survival, and they may not even get their first shot. Who should we use these limited organs on?
It opens up an entire can of worms about the ethics of retransplantation or transplanting patients that are very, very ill. But it is something that I think we have to think about, given organ limitations.
DR OSHO:
We have a slide right at the end which was prepared in anticipating of this issue. I agree that it is something to think about seriously.
The question is a good one. And one issue is that certain categories of patients who are receiving first-time transplants look very much like repeat transplant recipients.
Take IPF [idiopathic pulmonary fibrosis], for example. Their survival curves look very much like repeat transplant recipients. And the question becomes, do we disqualify that entire diagnosis category from receiving primary lung transplantation because they do not do as well? And it is one that does not have a straight answer, but definitely one to think about very heavily.
I think ultimately the work that we are doing with expanding the donor pool, to make sure that we use more organs and use them better, will help to improve these issues.
But again, you are absolutely right, that the ethics are something that we need to keep thinking about.
DR MURTHY: Thank you.
